In the local universe, black hole masses have been inferred from the observed increase in the velocities of stars at the centres of their host galaxies. So far, masses of supermassive black holes in the early universe have only been inferred indirectly, using relationships calibrated to their locally observed counterparts. Here, we use the latest observational constraints on the evolution of stellar masses in galaxies to predict that the region of influence of a central supermassive black hole at the epochs where the first galaxies were formed is directly resolvable by current and upcoming telescopes. Such measurements will usher in a new era of discoveries unraveling the formation of the first supermassive black holes based on subarcsecond-scale spectroscopy with the ALM A a) , JW ST b) and the SKA. The measured mass distribution of black holes will allow forecasting of the future detection of gravitational waves from the earliest black hole mergers.
INTRODUCTION
Massive black holes (with masses of about a million solar masses) are known to exist at the centres of galaxies in the nearby universe. Locally, the masses of such black holes have been measured from their gravitational radius of influence on the motion of stars and gas in their host galaxies. This method was particularly effective for the Milky Way (Ghez et al. 2005 (Ghez et al. , 2008 Genzel et al. 2000; Schödel et al. 2003) and NGC 4258 (Miyoshi et al. 1995) . Local measurements imply a ratio of the central black hole mass to stellar mass M * of the host spheroid to be about 10 −4 − 10 −3 in the local universe (Kormendy & Ho 2013; Reines & Volonteri 2015) .
Supermassive black holes with masses M BH of more than a billion solar masses are inferred to exist out to a redshift z = 7.54, less than ∼ 700 million years after the Big Bang (Bañados et al. 2018) . How the seeds for these black holes grew so early in the universe is still an open question (Inayoshi et al. 2019) . However, there is evidence indicating that at redshifts z > 6, the central black hole to stellar mass ratio had been more than order of magnitude or two higher (Decarli et al. 2018; Venemans et al. 2016 ) than the locally observed value. Theoretical arguments supporting this evolution stem from the inferred black hole -bulge mass relation (Wyithe & Loeb 2002a; Croton 2009 ) extrapolated to high redshifts, suggesting that M BH grows as a steep function of the halo circular velocity v c : M BH ∝ v γ c with γ ∼ 5. The evolution of the stellar mass M * in dark matter haloes of both early and present-day galaxies is fairly wellconstrained. The latest observations from a wide range of surveys, including the Sloan Digital Sky Survey (SDSS), the PRIsm MUlti-object Survey (PRIMUS), UltraVISTA, the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS), and the FourStar Galaxy Evolution Survey (ZFOURGE) all support (Behroozi et al. 2019 ) a well-defined M * (z) across the full redshift range, 0 < z < 10.5. The data indicate that the average stellar mass in Milky-Way sized dark matter haloes evolves only by a factor of ∼ 1.6 over redshifts z ∼ 6 to the present (see Fig. 9 of Behroozi et al. (2019) ).
The above two results, taken together, imply a fascinating conclusion. Since the stellar mass evolves much more modestly than the black hole mass (a trend also found in recent AGN observations from the Chandra-COSMOS Legacy Survey; Suh et al. 2019) , the central black hole mass makes up a much larger fraction of the stellar mass at high redshifts (a fraction of ∼ 0.3 at redshift z ∼ 6 compared to 10 −4 at z ∼ 0). This fact, already hinted at Figure 1 . Rotation curves around three typical dark matter haloes (with masses M halo = 10 10 , 10 11 and 10 12 M respectively from left to right) at z = 6. The halo is assumed to follow a Navarro-Frenk-White (Navarro et al. 1996) profile with a concentration parameter (Diemer & Joyce 2018) c = 3.5, and contains a central supermassive black hole, with mass MBH, and an exponential stellar disc with spin parameter λ = 0.03 (the inferred total stellar mass M * is also indicated). The circular velocities vrot (in km/s) induced by the black hole (orange dashed lines), stellar disc (green solid lines) and dark matter halo (blue solid lines) are plotted along with the total circular velocity (red solid line by pre-ALM A estimates (Davis 2014) and ALM A observations of z ∼ 6.6 − 6.9 galaxies (Venemans et al. 2016) , is well-supported by the recent ALM A spectroscopic study (Decarli et al. 2018 ) of [CII]-detected quasars at z > 6 which indicates significantly more than two orders of magnitude evolution of the locally observed black hole -bulge mass relation (Reines & Volonteri 2015) . An immediate implication of this finding is that the central black hole should have a measurable influence on the circular velocity profiles of galaxies at high redshift.
To quantify this effect, we predict the rotation curves of typical Milky-Way sized haloes at z ∼ 6, separating the dark matter, stellar disc, and black hole components. For the dark matter, we assume a Navarro-Frenk-White (Navarro et al. 1996; Mo et al. 1998 ) profile with the mass M halo (r) within radius r given by Eq. (19) of Mo et al. (1998) . The halo concentration is assumed to be c = 3.5 at z = 6, consistent with the findings of the recent physically motivated models (Diemer & Joyce 2018) . For the stellar component, we use an exponential disc profile as defined in Eq. (5) of Mo et al. (1998) , assuming that the stellar mass resides primarily in the disc (m d = M * /M halo , with M * being the average stellar mass M * in the halo from Behroozi et al. (2019) with a non-evolving specific angular momentum parameter (j d /m d ≈ 1) and spin parameter (λ = 0.03). The disc masses within a distance r from the centre of the galaxy, M d (r), are computed from Eq. (26) of Mo et al. (1998) ). The black hole is assumed to be a central point source with mass M BH given by Wyithe & Loeb (2002a) . Figure 1 shows the above three components at z ∼ 6 for three representative dark matter halos with masses M halo = 10 10 , 10 11 and 10 12 M , respectively. The inferred total stellar masses M * from Behroozi et al. (2019) are indicated on each panel. Our predicted disc radii evolve as (1 + z) β with β ≈ −1 for this stellar mass range, consistent with the findings from the CANDELS (Kawamata et al. 2018 ) and HST/Hubble Frontier Fields (Shibuya et al. 2019; Holwerda et al. 2015) galaxy observations at z ∼ 6 − 8. The black hole masses in these galaxies predicted from Wyithe & Loeb (2002a) are log 10 (M BH /M ) = 6.3, 8.0, 9.7, implying M BH /M * ≈ 0.3 − 0.4. The figure shows rotational circular velocities, v rot,i = (GM i (r)/r) 1/2 as a function of radial distance r, where i denotes the disc, black hole or halo component. The total circular velocity, given by v tot (r) = ( i v rot,i (r) 2 ) 1/2 is also plotted. A Keplerian correction to the rotation curve at the innermost < 1 kpc is clearly distinguishable for stellar masses of 10 9 − 10 10 M , a mass range for which sub-millimetre observations already exist in the literature (Shibuya et al. 2019) . The radius of influence R inf of the black hole, defined as the scale at which M BH = M d (R inf ) + M halo (R inf ), is indicated by the dashed line on each panel. For the three galaxy masses considered, R inf ranges from 0.05 to 0.76 kpc, corresponding to angular diameter sizes, θ = (2R inf /D A ) of 0.01 , 0.06 and 0.26 respectively, where D A is the cosmological angular-diameter distance to redshift z = 6. 6) ]. Lower panel: Evolution of the black hole radius of influence R inf with z for three different halo masses (log 10 (M halo /M ) = 10, 11 and 11.5 respectively, corresponding to the inferred stellar mass range log 10 (M * /M ) ≈ 6.9 − 9.3).
RESULTS
The evolution of R inf with stellar mass and redshift is shown in Fig. 2 . The top panel shows that R inf evolves strongly with stellar masses in the range 10 7 − 10 10 M at z ∼ 6, as can also be seen from Fig. 1 . The absolute magnitudes (M UV in the upper x−axis) corresponding to this mass range are computed from the observationally derived relation (Tacchella et al. 2018) at z = 6. The lower panel shows R inf at three different halo masses (log 10 (M halo /M ) = 10, 11, 11.5) across the range z ∼ 5 − 8. This halo mass range corresponds to a stellar mass range of log 10 (M * /M ) ≈ 6.9 − 9.3, which is accessible to HST at these redshifts (Holwerda et al. 2015) . The near-constant black hole -stellar mass relation in this z-range implies that R inf does not evolve much with redshift for a given halo mass.
For the highest stellar masses, the black hole can dominate the kinematics up to a distance > 0.5 kpc, which corresponds to an angular scale of > 0.2 . These values are well within the reach of current and upcoming obervations. ALM A in its extended 12-m configuration should be able to detect [CII]-emitting galaxies with 0.02 -0.043 resolution at frequencies corresponding to z ∼ 6 − 10, and the future James Webb Space Telescope (JW ST ) should be able (Vogelsberger et al. 2019) to resolve at least ∼ 200 such galaxies at z ∼ 8. Further, the V LA 1 and the Phase II of the planned Square Kilometre Array (SKA; Taylor 2013) will be able to access the CO J 1 → 0 transition at redshifts z ∼ 6 − 10 with angular resolutions of 0.2-0.3 , which could potentially resolve R inf of the central black hole in the brightest galaxies at these epochs.
CONCLUSIONS
These predictions have far-reaching implications. First, a direct kinematic measurement of the central black hole masses will enable key physics insights into the growth and merger histories of supermassive black holes in the earliest galaxies. It would also shed light on the active phases ('duty cycles') of the earliest black holes, and permit exciting constraints on the currently debated contribution of quasars to cosmic reionization of hydrogen and helium (Madau & Haardt 2015) . It has been recently suggested that a significant population of strongly lensed quasars (Fan et al. 2019; Wyithe & Loeb 2002b) in the early universe may have been missed by current surveys due to selection effects that rule out bright lenses (Pacucci & Loeb 2019) . Direct black hole mass measurements form a complementary dataset to aid detections of lensed quasars from future surveys. Finally, a characterization of the black hole mass function will enable forecasting of future measurements of gravitational radiation emitted by pairs of these produced by galaxy mergers (Goulding et al. 2019) , in anticipation of the upcoming Laser Interferometer Space Antenna (LISA 2 ).
